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A  NOVEL  HIGH-THROUGHPUT  SCREENING  SYSTEM 
TO  EVALUATE  THE  BEHAVIORAL  RESPONSE  OF 
ADULT  MOSQUITOES  TO  CHEMICALS1 

JOHN  P.  GRIECO,2  NICOLE  L.  ACHEE,2  MICHAEL  R.  SARDELIS.2  KAMLESH  R.  CHAUHAN3  and 

DONALD  R.  ROBERTS2 

ABSTRACT.  A  modular  and  novel  assay  system  for  rapid  mass  screening  of  chemical  compounds  for  contact 
irritant  and  spatial  repellent  actions  against  adult  mosquitoes  is  described.  The  responses  of  Aedes  aegypti  to 
various  concentrations  of  3  topical  repellents,  deet,  Bayrepel®,  and  SS220.  were  evaluated.  At  treatment  con¬ 
centrations  &25  nmol/cm2  of  SS220,  mosquitoes  exhibited  significant  contact  irritant  (escape)  and  spatial  repel¬ 
lent  (movement  away  from  the  chemical  source)  responses,  whereas,  a  10-fold  increase  in  the  treatment  con¬ 
centration  of  deet  and  Bayrepel  was  required  to  produce  similar  responses.  The  novel  bioassay  system  detected 
contact  irritancy  and  spatial  repellency  activity  with  reproducible  results  and  provided  baseline  data  for  deter¬ 
mining  minimum  effective  concentrations  for  other  chemicals.  The  system  is  compact  in  size,  easy  to  decontam¬ 
inate,  and  requires  only  a  minute  quantity  of  chemical  compound. 
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INTRODUCTION  Laboratory  evaluation  of  the  activity  of  candidate 


An  important  component  of  programs  designed 
to  reduce  transmission  of  some  of  the  world’s  most 
important  vector-borne  diseases,  such  as  malaria 
and  dengue,  is  the  use  of  chemicals  for  reducing 
risk  of  human-vector  contact  (WHO  1999,  Najera 
and  Zaim  2003).  The  number  of  chemicals  for  such 
uses  is  becoming  increasingly  limited  due  to  an  as¬ 
sortment  of  factors  (e.g.,  bans,  environmental  con¬ 
cerns,  potential  adverse  effects  on  human  health, 
resistance,  loss  of  licensure).  These  issues  in  con¬ 
junction  with  increased  disease  problems  prompt  a 
need  to  identify  and  develop  alternative  vector  con¬ 
trol  methods  as  well  as  new  chemicals  (Gubler 
1998,  Zaim  and  Guillet  2002). 

We,  along  with  a  major  chemical  company  and 
a  network  of  investigators,  are  participants  in  a 
multiyear  program  to  identify  chemicals  that  alter 
arthropod  behaviors  and  to  evaluate  their  efficacy 
in  reducing  risks  of  disease  transmission  by  pre¬ 
venting  human-vector  contact.  One  of  our  primary 
tasks  was  to  develop  a  test  system  that  allowed  us 
to  screen  experimental  compounds  for  behavioral 
responses  due  to  either  direct  contact  with  the  com¬ 
pound  or  detection  of  a  chemical  gradient  in  the  air. 
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chemicals  for  preventing  human- vector  contact  typ¬ 
ically  involves  conducting  tests  for  toxicity  and  an¬ 
tibiting  response  (Anonymous  1983,  Shreck  and 
McGovern  1989,  Brogdon  and  McAllister  1998, 
WHO  1998,  Klun  and  Debboun  2000).  Excito-re- 
pellency  tests  are  occasionally  done  with  chemicals 
that  are  suspected  or  known  to  elicit  behavioral 
avoidance  responses  from  contact  with  chemical 
residues  (irritancy)  and  from  stimulation  from  a  dis¬ 
tance  without  physical  contact  with  the  chemical 
that  disrupts  normal  behavior  patterns  (e.g.,  deter¬ 
rence  of  entering  a  treated  space  or  noncontact  ir¬ 
ritancy  or  spatial  repellency)  (Chareonviriyaphap  et 
al.  2004).  A  number  of  excito-repellency  test  sys¬ 
tems  have  been  described  (WHO  1970,  Roberts  et 
al.  1984,  Evans  1993,  Das  1997,  Rutledge  et  al. 
1999,  Sungvornyothin  et  al.  2001).  To  separate  the 
behavioral  responses  of  contact  irritancy  from  non- 
contact  repellency,  Roberts  et  al.  (1997)  and  Char¬ 
eonviriyaphap  et  al.  (2002)  designed  an  excito-re¬ 
pellency  test  system  that  included  a  screened  inner 
chamber  to  prevent  test  specimens  from  landing  on 
treated  surfaces.  Although  this  assay  method  iden¬ 
tified  the  irritant  action  of  chemicals  applied  to  the 
system,  there  was  some  doubt  in  its  ability  to  mea¬ 
sure  noncontact  irritancy  due  to  the  enclosed  nature 
of  the  single-exposure  chamber  design.  In  the  one 
chamber  system,  volatiles  could  readily  saturate  the 
space  thus  not  truly  permitting  the  observance  of 
behavioral  response  to  a  gradient  of  chemical  va¬ 
por. 

Presently,  other  than  for  biting  response,  there  is 
no  standard  test  system  for  screening  new  chemi¬ 
cals  for  effects  on  adult  mosquito  behavior.  Ideally, 
such  a  system  would  allow  high  throughput  (the 
ability  to  quickly  do  multiple  replicates  with  vari¬ 
ous  treatments),  have  a  small  treatment  surface  area 
to  minimize  the  amount  of  chemical  required  for 
testing,  be  readily  decontaminated,  not  require  me¬ 
chanical  devices  (e.g.,  wind  tunnel),  and  provide 
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Fig.  1.  Schematic  drawing  of  the  high-throughput  screening  system  showing  the  spatial  repellency  assay  (top)  and 
contact  irritancy  assay  (bottom)  assemblies.  Major  components  include:  1,  treatment  (metal)  cylinder;  2,  clear  (Plexiglas) 
cylinder;  3,  end  cap;  4,  linking  section;  5,  treatment  drum;  and  6.  treatment  net. 


consistent  results  within  treatments.  Herein,  we  re¬ 
port  on  the  design  and  use  of  a  device  referred  to 
as  the  high-throughput  screening  system  (HITSS) 
and  on  the  responses  of  adult  Aedes  aegypti  (L.) 
mosquitoes  in  the  HITSS  to  3  compounds  used  in 
topical  repellents. 

MATERIALS  AND  METHODS 
Assay  device 

The  HITSS  has  a  modular  design  that  allows  for 
examination  of  2  behavioral  responses  (contact  ir¬ 
ritancy  and  spatial  repellency)  as  well  as  toxicity. 
The  major  components  of  the  HITSS  are  illustrated 
and  numbered  in  Fig.  1 .  The  required  number  and 
assembly  of  the  components  vary  depending  on  the 
type  of  assay  to  be  used.  Each  treatment  cylinder 
(no.  1)  is  constructed  of  aluminum  tubing  (10.2  cm 
outside  diameter,  0.6  cm  thick)  that  is  14.0  cm  long. 


Each  clear  cylinder  (no.  2)  is  constructed  of  Plex¬ 
iglas®  tubing  with  the  same  outside  diameter  and 
thickness  as  the  treatment  cylinders  but  with  length 
of  15.9  cm.  Midway  in  the  length  of  the  clear  cyl¬ 
inders  a  hole  covered  with  dental  dam  is  provided 
for  transferring  mosquitoes.  The  end  caps  (no.  3) 
and  linking  sections  (no.  4)  are  constructed  of  Del- 
rin®  (Dupont,  Wilmington,  DE).  The  end  caps  (1.9 
cm  thick  X  10.2  cm  diameter)  have  been  milled  to 
slide  partway  inside  either  the  treatment  or  clear 
cylinders  and  modified  to  provide  a  circular  port 
for  transferring  mosquitoes  and  a  rectangular  port 
for  viewing.  The  linking  sections  (4.4  cm  thick  X 
10.2  cm  diameter)  have  also  been  milled,  similar  to 
the  end  caps,  to  slide  partway  into  the  treatment  of 
clear  cylinders.  These  sections  were  modified  to 
form  a  funnel  that  leads  to  a  3.7-cm  opening  in 
which  an  aluminum  butterfly  valve  was  installed. 
The  end  caps  and  linking  sections  are  secured  to 
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the  treatment  and  clear  cylinder  by  3  ball  detents 
that  are  installed  in  the  ends  of  the  cylinders.  The 
treatment  drum  (no.  5)  is  constructed  of  aluminum, 
has  an  outside  diameter  of  9.5  cm  that  allows  it  to 
just  slide  inside  of  the  treatment  cylinder,  and  is 
11.4  cm  long.  The  treatment  net  (no.  6)  is  100% 
nylon  organdy  (No.  4-2,  G  Street  Fabrics,  Rock¬ 
ville,  MD),  sized  to  cover  the  outside  of  the  drum 
insert  and  held  in  place  by  a  1.3  X  11.4-cm  flexible 
magnetic  strip  (5699K15,  McMaster-Carr,  Dayton, 
NJ)  (not  shown).  The  cradle  (not  shown)  construct¬ 
ed  of  1.3-cm-thick  Plexiglas  holds  the  assembled 
test  system  steady  and  parallel  to  the  bench  top  dur¬ 
ing  assays.  Pieces  of  opaque  felt  (not  shown)  are 
wrapped  around  the  clear  cylinder,  and  depending 
on  the  assay  to  be  done,  additional  felt  pieces  (not 
shown)  are  used  to  cover  the  rectangular  port  in  the 
end  caps.  Except  for  the  toxicity  assay,  the  various 
assay  configurations  are  shown  in  the  figure,  and 
the  assembly  and  operation  of  each  assay  are  de¬ 
scribed  in  subsections:  Contact  irritancy  assay.  Spa¬ 
tial  repellency  assay,  and  Toxicity  assay. 

Mosquitoes 

Aedes  aegypti  was  colonized  at  Kasetsart  Uni¬ 
versity,  Bangkok,  Thailand,  from  larvae  collected 
in  Patau  Village,  Kachanaburi  Province,  Thailand 
(14°20'11"N,  98°59'45"E),  in  2004.  Eggs  from  this 
colony,  F,  or  F2,  were  shipped  to  the  Uniformed 
Services  University  of  the  Health  Sciences 
(USUHS),  Bethesda,  MD,  to  establish  a  colony  for 
mosquito  production  to  be  used  in  our  assays.  At 
USUHS,  the  colony  was  maintained  at  ca.  27°C  and 
relative  humidity  (RH)  of  ca.  55%  under  a  photo¬ 
period  of  12L:12D.  Methods  for  rearing  mosquito 
larvae  were  similar  to  those  described  by  Gerberg 
et  al.  (1994).  Ground  fish  chow  (Cichlid  Gold, 
Kyorin  Co.,  Himeji,  Japan)  served  as  the  larval 
diet.  Emerged  adults  in  30.5  cm  X  30.5  cm  X  30.5 
cm  stock  cages  were  provided  10%  sucrose  solu¬ 
tion  ad  libitum  and  were  blood-fed  weekly  on  a 
volunteer  investigator.  Females  were  allowed  to 
oviposit  on  a  paper  towel  substrate  to  obtain  eggs. 

For  assays,  batches  of  eggs  were  flooded,  and  the 
resulting  larvae  were  reared  to  the  pupal  stage.  To 
handle  efficiently  the  large  number  of  specimens 
needed  for  testing,  female  and  male  pupae  were 
sorted  by  size,  and  250,  determined  to  be  future 
females,  were  placed  into  individual  3.8-liter  car¬ 
tons.  To  prepare  for  a  day’s  round  of  assays,  female 
mosquitoes  from  the  3.8-liter  cartons  were  trans¬ 
ferred  in  groups  of  10  or  20  into  0.5-liter  cartons. 
The  10%  sucrose  solution  was  provided  to  the  fe¬ 
males  up  until  24  h  before  conducting  an  assay.  In 
our  experiment,  the  females  were  from  the  F3-F5 
generations  and  4-7  days  old. 

Test  compounds  and  exposure  concentrations 

The  compounds  used  in  the  tests  were  N,  /V-dieth- 
yl-3-methylbenzamide  (deet),  1-piperidinecarboxylic 


acid,  2-(2-hydroxyethyl)-l-methylpropylester  (Bay- 
repel®),  and  (lS,2'S)-2-methylpiperidinyl-3-cyclo- 
hexen-1 -carboxamide  (SS220).  The  chemical  purity 
of  each  compound  was  determined  by  capillary  gas- 
liquid  chromatography  (deet  and  Bayrepel,  98% 
chemical  purity;  SS220,  98%  chemical  purity  and 
94%  stereochemical  purity),  and  ethanol  solutions  of 
27.5,  2.75,  0.275,  and  0.0275  nmol/|xl  were  tested 
for  each  compound.  The  compound  deet  was  ob¬ 
tained  from  Morflex  (Greensboro,  NC),  and  Bayre¬ 
pel  from  Bayer  Corporation  (Morristown,  NJ).  The 
SS220  was  synthesized  by  Saidru  International  (Hy- 
drabad,  India)  and  provided  by  Chemicals  Affecting 
Insect  Behavior  Laboratory,  U.S.  Department  of  Ag¬ 
riculture,  Beltsville,  MD.  Deet  is  a  compound  widely 
used  in  commercial  repellent  formulations.  Bayrepel, 
also  known  as  KBR  3023,  is  a  repellent  compound 
developed  and  registered  by  Bayer  AG  (Leverkusen, 
Germany).  Its  efficacy  has  been  evaluated  in  labo¬ 
ratory  and  field  studies  (Yap  et  al.  1998,  Yap  et  al. 
2000,  Badolo  et  al.  2004).  The  SS220  has  been 
shown  to  be  the  most  active  stereoisomer  of  racemic 
AI3-37220,  2-methylpiperidinyl-3-cyclohexene-l- 
carboxamide  (McGovern  et  al.  1978,  Klun  et  al. 
2001)  and  exhibits  a  level  of  repellent  efficacy  com¬ 
parable  with  deet  and  Bayrepel  (Klun  et  al.  2003). 

The  treatment  solutions  (3.0  ml)  were  applied 
evenly  to  the  treatment  nets  (330  cm2)  using  a  mi¬ 
cropipette,  resulting  in  treatment  concentrations  of 
250,  25,  2.5,  and  0.25  nmol/cm2.  We  selected  them 
based  on  published  studies  on  antibiting  response 
with  the  test  compounds  (Klun  et  al.  2000,  2003; 
Badalo  et  al.  2004).  Additional  nets  were  treated 
with  ethanol  (3.0  ml)  to  serve  as  untreated  controls. 
All  nets  were  allowed  to  air-dry  for  15  min  before 
use  in  an  assay.  Once  a  net  was  installed  in  a  treat¬ 
ment  cylinder,  it  remained  there  during  the  entire 
test  day.  New  treatment  nets,  including  control  nets, 
were  prepared  at  the  beginning  of  each  test  day. 

Assay  times,  sequence,  conditions,  and 
system  cleaning 

The  assays  were  done  within  1-7  h  of  treating 
the  nettings,  mainly  between  8:00  a.m.  and  4:00 
p.m.  In  general,  rounds  of  contact  irritancy  assays 
were  done  in  the  morning  and  rounds  of  spatial 
repellency  assays  were  done  in  the  afternoon.  Tox¬ 
icity  assays  were  done  at  various  times  during  a 
testing  day.  For  each  compound  tested,  the  response 
to  the  lowest  treatment  concentration  was  evaluated 
first  and  then  followed  by  the  higher-treatment  con¬ 
centrations.  For  all  test  days,  the  laboratory  tem¬ 
perature  averaged  24°C  (range  23°-26°C)  and  the 
RH  averaged  47%  (range  25-60%).  All  assays 
were  done  in  a  fume  hood.  System  cleaning  was 
done  when  changing  between  chemicals  occurred 
and  at  the  end  of  a  day’s  round  of  testing.  Cleaning 
involved  washing  with  acetone  all  parts  of  the  sys¬ 
tem  that  contacted  the  treatment  nets  and  washing 
in  a  detergent  solution  (Liqui-Nox,  Aloconox,  Inc., 
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New  York)  all  other  parts  of  the  system.  Before 
reuse,  both  acetone-  and  detergent-washed  parts 
were  allowed  to  air-dry  overnight  or  for  at  least  1  h. 

Contact  irritancy  assay 

A  clear  cylinder  and  the  treatment  cylinder  were 
connected  with  a  linking  section  so  that  the  narrow 
end  of  the  funnel  pointed  toward  the  clear  cylinder. 
The  linking  section’s  butterfly  valve  was  turned  to 
the  closed  position.  An  end  cap  was  then  placed  on 
the  open  end  of  the  clear  cylinder,  and  opaque  felt 
cloth  pieces  were  wrapped  around  the  clear  cylin¬ 
der  and  placed  over  the  viewing  port  of  the  cylin¬ 
der’s  end  cap  to  prevent  light  from  eliciting  any 
type  of  phototactic  pressure  on  the  mosquitoes  in 
the  chamber.  A  treatment  drum,  with  treatment  net 
affixed  to  it,  was  inserted  into  the  treatment  cylin¬ 
der  and  an  end  cap  installed.  The  viewing  port  of 
this  end  cap  was  also  covered  with  opaque  felt 
cloth.  The  entire  assembly  was  then  put  into  the 
cradle.  Ten  mosquitoes  were  transferred  into  the 
treatment  end  of  the  assembly  and,  after  30  sec,  the 
butterfly  valve  was  placed  in  the  open  position.  Af¬ 
ter  10  min,  the  valve  was  again  closed,  and  counts 
were  immediately  made  of  the  number  of  mosqui¬ 
toes  in  the  clear  end  (number  escaping),  in  the  treat¬ 
ment  end,  and  in  the  clear  and  treated  ends  that 
appear  to  be  knocked  down  (i.e.,  lying  on  its  side 
and  not  able  to  right  itself  after  gentle  tapping  of 
the  chamber).  For  all  trials,  a  second  assay  was  si¬ 
multaneously  run  to  serve  as  a  control  in  which  the 
treatment  was  an  ethanol-treated  net.  The  ratio  of 
treatment  to  control  assays  was  either  1:1  or  1:2. 
To  prepare  for  the  next  replicate,  the  mosquitoes 
were  transferred  from  the  assay  system  using  me¬ 
chanical  aspiration.  Six  replicates  were  done  at 
each  treatment  concentration. 

Spatial  repellency  assay 

An  end  cap  was  emplaced  on  a  treatment  cylin¬ 
der  and  then  a  treatment  drum  affixed  with  test- 
compound-treated  netting  was  slid  inside  the  cyl¬ 
inder.  A  linking  section  was  attached  to  the  cylinder 
with  the  narrow  end  of  the  section  oriented  toward 
the  inside  of  the  newly  formed  chamber  (treated 
chamber).  The  same  steps  were  repeated  to  form  a 
second  chamber  (control  chamber)  identical  to  the 
first  except  that  a  diluent-treated  netting  was  used. 
The  treated  and  control  chambers  were  connected 
to  each  other  by  a  clear  cylinder  to  form  the  com¬ 
plete  spatial  repellency  assay  assembly.  The  butter¬ 
fly  valves  in  the  linking  sections  were  set  to  the 
closed  position.  Twenty  mosquitoes  were  trans¬ 
ferred  into  the  clear  (central)  chamber,  and  an 
opaque  cloth  was  wrapped  around  it.  The  viewing 
ports  in  the  end  caps  were  not  covered  with  the 
opaque  cloth  to  allow  the  light  at  the  ends  of  the 
chamber  system  to  serve  as  an  attractant  for  Ae. 
aegypti.  The  assembly  was  placed  in  the  cradle. 


and,  after  a  30-sec  “settling  down,”  or  “acclima¬ 
tion,”  period,  the  butterfly  valves  were  simulta¬ 
neously  opened.  After  10  min,  the  valves  were  si¬ 
multaneously  closed  and  the  number  of  mosquitoes 
in  each  chamber  was  counted.  We  also  recorded  the 
number  of  mosquitoes  that  were  knocked  down. 
The  mosquitoes  were  transferred  from  assembly  us¬ 
ing  mechanical  aspiration  to  prepare  for  the  next 
replicate.  Between  replicates,  the  assembly  was 
partially  disassembled  (the  clear  cylinder  detached 
from  the  treated  and  control  chambers,  and  the  link¬ 
ing  section  removed  from  the  control  chamber)  to 
allow  for  any  volatilized  chemical  to  clear  from  the 
assembly.  For  each  compound  tested  in  the  spatial 
repellency  assay,  8-1 2  replicates  were  done  at  each 
treatment  concentration. 

A  spatial  activity  index  (SAI)  based  on  the  ovi- 
position  activity  index  of  Kramer  and  Mulla  (1979) 
was  used  to  evaluate  the  responses  of  female  mos¬ 
quitoes  in  the  spatial  repellency  assay.  We  calcu¬ 
lated  the  SAI  for  each  experimental  replication  as 
SAI  =  (Nc  —  Nr)/(Nr  +  N,)  in  which  A  is  the  num¬ 
ber  of  females  in  the  control  chamber  of  the  spatial 
repellency  assay  device  and  N,  is  the  number  of 
females  in  the  treated  chamber  of  the  spatial  repel¬ 
lency  assay  device.  The  SAI  is  a  measure  of  the 
proportion  of  females  in  the  control  chamber  over 
the  treated  chamber  after  correcting  for  the  propor¬ 
tion  of  females  in  the  control  chamber.  The  SAI 
varies  from  -1  to  1,  with  zero  indicating  no  re¬ 
sponse. 

Toxicity  assay 

The  assembly  configuration  for  this  assay  was 
similar  to  the  contact  irritancy  assay,  except  without 
the  clear  cylinder  and  its  end  cap.  The  opaque 
cloth-viewing  port  covers  were  not  used  in  this  as¬ 
say.  After  preparing  a  chamber  to  include  the  ap¬ 
propriate  treatment  netting  and  assembling  the  test 
unit,  20  mosquitoes  were  transferred  into  the  cham¬ 
ber,  and  the  test  unit  was  set  in  the  cradle.  After  1 
h,  the  number  of  knocked-down  mosquitoes  was 
recorded  and  all  (knocked  down  and  those  still  mo¬ 
bile)  were  transferred  to  holding  cartons.  These 
mosquitoes  were  provided  a  10%  sucrose-soaked 
cotton  ball  and  returned  to  the  insectary.  Their  mor¬ 
tality  was  recorded  after  24  h.  As  with  the  contact 
irritancy  assay  and  for  all  trials,  an  accompanying 
assay  in  which  the  treatment  was  an  ethanol-treated 
netting  served  as  a  control.  The  ratio  of  treatment 
to  control  assays  was  either  1:1  or  1:2.  Six  repli¬ 
cates  were  done  at  each  treatment  concentration. 

Data  analysis 

Contact  irritancy  assay  data  were  analyzed  using 
the  Wilcoxon  2-sample  test  (PROC  NPAR1WAY, 
SAS  Institute  1999a)  (SAS  Institute,  Cary,  NC)  to 
examine  the  difference  between  the  number  escap¬ 
ing  from  treated  and  control  chambers.  Spatial  re- 
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Table  1 .  Responses  of  female  Aedes  aegypti'  in  the  contact  irritancy  assay  to  4  different  concentrations  of  deet, 

Bayrepel,  and  SS220. 


Concentration 

Number  of  trials 

Number  escaping  (mean 

SE) 

Corrected  percent 
escaping2 

Repellent 

(nmol/cmo2) 

(no.  mosq.) 

Treated 

Control 

(mean 

SE) 

P3 

deet 

0.25 

6  (60) 

2.3  ±  0.4 

1.5 

0.3 

11 

8 

0.2727 

2.5 

6  (60) 

2.2  ±  1.1 

1.2 

-4- 

0.5 

6 

8 

0.6537 

25 

6  (60) 

6.3  ±  1.7 

1.8 

-E 

0.8 

33 

4 

0.0758 

250 

6  (60) 

3.5  ±  0.9 

0.7 

0.4 

26 

9 

0.0455 

Bayrepel 

0.25 

6  (60) 

0.2  ±  0.2 

1.7 

± 

0.6 

-24 

4 

0.0606 

2.5 

6  (60) 

0.5  ±  0.3 

1.0 

0.6 

-15 

5 

0.6970 

25 

6  (60) 

2.8  ±  0.8 

1.7 

0.6 

18 

± 

13 

0.3723 

250 

6  (60) 

3.8  ±  1.0 

0.7 

0.4 

26 

14 

0.0216 

SS220 

0.25 

6  (60) 

1.2  ±  0.5 

1.2 

0.4 

-1 

5 

0.9978 

2.5 

6  (60) 

3.7  ±  0.5 

1.2 

± 

0.4 

31 

9 

0.0087 

25 

6  (60) 

5.2  ±  0.6 

1.5 

0.7 

45 

13 

0.0065 

250 

6  (60) 

3.2  ±  0.8 

0.2 

0.2 

39 

13 

0.0065 

1  Four  7-day-old,  non-blood-fed,  24-h  sugar-starved  Thai  strain. 

2  For  each  trial,  percent  escaping  after  correction  using  Abbott’s  formula. 

3  P- values  are  from  Wilcoxon  2-sample  test  for  difference  between  the  number  escaping  in  a  chemical  treated  assembly  and  in  an 
ethanol-treated  (control)  assembly. 


pellency  assay  data  were  analyzed  by  a  nonpara- 
metric  signed-rank  test  (PROC  UNIVARIATE, 
SAS  Institute  1999a)  to  determine  whether  the 
mean  SAI  for  each  treatment  was  significantly  dif¬ 
ferent  form  zero.  For  the  toxicity  data,  percent 
knockdown  and  mortality  values  were  corrected  us¬ 
ing  Abbott’s  formula  (Abbott  1925)  and  trans¬ 
formed  to  arcsine  square  root  values  for  analysis  of 
variance.  For  each  chemical,  knockdown  and  mor¬ 
tality  at  each  treatment  concentration  were  com¬ 
pared  and  separated  using  Tukey’s  honestly  signif¬ 
icant  difference  test  at  P  =  0.05  (SAS  Institute 
1999b).  Means  ±  SE  of  untransformed  data  are  re¬ 
ported. 

RESULTS 
Contact  irritancy 

In  general,  mean  number  escaping  from  treated 
chambers  and  corrected  percent  escaping  increased 


with  treatment  concentration  (Table  1).  A  signifi¬ 
cant  ( P  <  0.05)  contact  irritancy  response  to  SS220 
was  observed  at  treatment  concentrations  2:2.5 
nmol/cm2,  while  deet  and  Bayrepel  did  not  result  in 
a  significant  contact  irritancy  response  except  at  the 
highest  treatment  concentration  tested,  250  nmol/ 
cm2  (Table  1). 

Spatial  repellency 

Mean  percent  responding  was  nearly  uniform 
among  the  repellent  compounds  and  treatment  con¬ 
centrations,  with  ranges  of  1 1-16%,  8-14%,  and 
12-18%,  for  deet,  Bayrepel,  and  SS220,  respec¬ 
tively  (Table  2).  A  significant  spatial  repellency  re¬ 
sponse  (Table  2)  was  documented  for  treatment 
concentrations  225  nmol/cm2  of  SS220.  In  con¬ 
trast,  the  effect  of  the  250  nmol/cm2  of  deet  treat¬ 
ment  was  very  nearly  significant  at  the  5%  level  ( P 


Table  2.  Responses  of  female  Aedes  aegypti'  in  the  spatial  repellency  assay  to  4  different  concentrations  of  deet, 

Bayrepel,  and  SS220. 


Repellent 

Concentration 

(nmol/cm2) 

Number  of  trials 
(no.  mosq.) 

Mean  percent 
responding  (SE) 

Mean  SAI2  (SE) 

SR3 

P  >  S 

deet 

0.25 

9  (180) 

16  (4) 

-0.07  (0.20) 

-2.0 

0.6875 

2.5 

9  (180) 

13  (4) 

0.03  (0.24) 

0.5 

1.0000 

25 

8  (160) 

11  (3) 

0.31  (0.17) 

6.0 

0.1875 

250 

12  (240) 

12  (3) 

0.47  (0.19) 

19.0 

0.0566 

Bayrepel 

0.25 

9  (180) 

10(2) 

0.33  (0.22) 

8.5 

0.1719 

2.5 

9  (180) 

8  (3) 

0.00  (0.24) 

0.0 

1.0000 

25 

9  (180) 

13  (5) 

0.22  (0.20) 

5.5 

0.3125 

250 

9  (180) 

14  (6) 

0.78  (0.15) 

14.0 

0.0156 

SS220 

0.25 

9  (180) 

12  (3) 

0.15  (0.24) 

3.5 

0.5625 

2.5 

9  (180) 

16  (3) 

0.27  (0.23) 

5.0 

0.3750 

25 

9  (180) 

12  (3) 

1.00  (0.00) 

22.5 

0.0039 

250 

9  (180) 

18  (4) 

0.97  (0.02) 

22.5 

0.0039 

1  Four  7-day-old,  non-blood-fed,  24-h  sugar-starved  Thai  strain. 

2  SAI,  spatial  activity  index.  See  text  for  details. 

3  SR,  signed-rank  statistic  derived  through  PROC  UNIVARIATE  (SAS  Institute  1999a). 


December  2005 


A  Novel  High-Throughput  Screening  System 


409 


Table  3. 

Knockdown  (KD)  and  mortality  (MORT)  of  female  Aedes  aegypti' 
concentrations  of  deet,  Bayrepel,  and  SS220. 

in  the  toxicity  assay  to  4  different 

Repellent 

Concentration  Number  of  trials 

(nmol/cm2)  (no.  mosq.) 

1  h  KD2 

(mean  %  ±  SE) 

24  h  MORT 
mean  %  ±  SE) 

deet 

0.25 

6  (120) 

30  ± 

19a 

12 

6a 

2.5 

6  (120) 

41  ± 

16a 

27 

± 

4ab 

25 

6  (120) 

52  ± 

17a 

48 

13b 

250 

6  (120) 

99  ± 

2b 

99 

lc 

Bayrepel 

0.25 

6  (120) 

0  ± 

0a 

3 

-4- 

la 

2.5 

6  (120) 

0  ± 

0a 

5 

-F 

2a 

25 

6  (120) 

41  ± 

6b 

11 

3a 

250 

6  (120) 

97  ± 

lc 

42 

6b 

SS220 

0.25 

6  (120) 

1  ± 

la 

3 

-f- 

2a 

2.5 

6  (120) 

0  ± 

0a 

4 

3a 

25 

6  (120) 

100  ± 

0b 

99 

± 

lb 

250 

6  (120) 

100  ± 

0b 

100 

± 

0b 

1  Four  7-day-old,  non-blood-fed,  24-h  sugar-starved  Thai  strain. 

2  Knockdown  and  mortality  of  controls  were  <1%  overall.  Values  within  each  column  (by  repellent)  followed  by  the  same  letter  did 
not  differ  significantly  (P  £  0.05)  among  the  treatment  concentrations. 


=  0.0566),  and  the  effect  of  the  250  nmol/cm2  of 
Bayrepel  was  very  nearly  significant  at  the  1%  lev¬ 
el  (P  =  0.0156). 

Toxicity 

Of  the  3  repellent  compounds,  only  deet  gave 
consistent  modest  levels  (30-40%  range)  of  knock¬ 
down  at  treatment  concentrations  of  0.25  and  2.5 
nmol/cm2.  Regardless  of  the  test  repellent  com¬ 
pound,  a  treatment  concentration  of  250  nmol/cm2 
resulted  in  knockdown  of  nearly  all  mosquitoes. 
Additionally,  SS220  at  a  treatment  concentration  of 
25  nmol/cm2  gave  100%  knockdown.  A  treatment 
concentration  of  25  nmol/cm2  of  SS220  resulted  in 
nearly  100%  mortality,  while  a  treatment  concen¬ 
tration  of  250  nmol/cm2  of  deet  was  needed  to  pro¬ 
duce  similar  mortality.  Even  at  the  highest  treat¬ 
ment  concentration  tested  (250  nmol/cm2), 
Bayrepel  only  resulted  in  about  42%  mortality  (Ta¬ 
ble  3). 

DISCUSSION 

Aedes  aegypti  exposed  to  deet,  Bayrepel,  and 
SS220  in  the  HITSS  showed  varying  behavioral  re¬ 
sponses,  depending  on  type  of  exposure,  chemical, 
and  treatment  concentration.  Exposure  to  deet  at  the 
4  tested  concentrations  resulted  in  low  levels  of 
contact  irritancy  response  (escaping)  and  no  de¬ 
tectable  spatial  repellent  activity.  These  findings  are 
in  agreement  with  a  study  done  by  Kline  et  al. 
(2003)  in  which  a  dual  port  olfactometer  was  used. 
Contact  irritancy  and  spatial  repellency  responses 
of  mosquitoes  to  Bayrepel  and  SS220  have  not 
been  previously  reported.  In  addition,  the  adultici- 
dal  activity  of  topical  repellent  compounds  is  not 
widely  reported  (Sarkaria  and  Brown  1951,  Elliott 
1964).  Recently,  Xue  et  al.  (2003)  reported  on  the 
toxicity  of  a  number  of  commercial  topical  repel¬ 
lent  formulations  that  have  synthetic  organic  and 


botanical  active  ingredients.  This  report  found  that 
a  number  of  deet-containing  products  caused 
knockdown  and  were  toxic  to  Ae.  aegypti  (L.),  Ae¬ 
des  albopictus  Skuse,  and  Anopheles  quadrimacu- 
latus  Say.  Because  the  study  conducted  by  Xu  et 
al.  did  not  quantify  the  exposure  concentration,  it 
was  not  possible  to  compare  their  results  with  ours. 
Despite  not  running  tests  with  additional  concentra¬ 
tions  of  SS220  that  would  have  allowed  us  to  cal¬ 
culate  lethal  concentration  50  and  90  values,  it  ap¬ 
peared  that  SS220  was  more  toxic  than  deet.  At  a 
test  concentration  of  25  nmol/cm2,  SS220  gave 
nearly  100%  knockdown  and  mortality,  while  deet 
gave  only  around  50%  knockdown  and  mortality. 
This  highlights  that  the  toxic  effects  of  test  com¬ 
pounds,  to  include  knockdown  and  mortality, 
should  be  considered  when  assessing  results  from 
behavioral  assays  because  intense  toxic  action 
could  quickly  overwhelm  a  mosquito’s  ability  to 
move  (Haynes  1988). 

The  HITSS ’s  design  has  a  number  of  features 
that  make  it  desirable  for  use  in  the  discovery  phase 
of  the  development  of  novel  compounds  that  mod¬ 
ify  vector  behavior.  It  is  compact  in  size  and  allows 
testing  to  be  done  within  a  chemical  fume  hood. 
Thus,  we  were  able  to  work  safely  with  compounds 
that  had  unknown  toxicological  properties.  The 
quantity  of  chemical  needed  for  testing  is  minute 
due  to  the  size  of  the  treatment  surface  (netting), 
and  the  ability  to  reuse  the  netting  in  test  replicates 
or  other  test  types  depending  on  the  volatility  of 
the  compound.  This  aspect  of  the  system’s  design 
permits  testing  of  compounds  that  are  only  avail¬ 
able  in  milligram  quantities.  The  modular  design  of 
the  system  allows  for  quick  transitions  between  rep¬ 
licates  and  test  type,  thus  making  it  possible  to  do 
many  assays  in  1  day.  For  example,  on  a  typical 
day  in  our  laboratory,  we  did  21  assays  with  a  sin¬ 
gle  HITSS  (6  contact  irritancy,  9  spatial  repellency, 
and  6  toxicity  assays).  Because  the  parts  of  the  sys- 
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tem  that  come  in  contact  with  test  compounds  are 
made  of  metal,  they  can  be  chemically  cleaned  for 
use  with  different  types  of  compounds. 

The  results  from  this  study  showed  that  the 
HITSS  provides  consistent,  quantifiable  measures 
of  behavioral  responses  with  a  relatively  low 
number  of  replicates.  Further  studies  are  being 
conducted  with  other  chemicals  (e.g.,  selected  py- 
rethroid,  organophosphates,  carbamates,  and  chlo¬ 
rinated  hydrocarbons)  to  develop  a  more  compre¬ 
hensive  understanding  of  the  range  of  behavioral 
response  levels  in  the  system’s  assay  types.  The 
tests  with  repellent  compounds  enabled  us  to  estab¬ 
lish  a  baseline  measure  of  responses  and  select  the 
range  of  treatment  concentrations  that  allowed  for 
efficacious  collection  of  meaningful  data  when 
screening  a  high  number  of  compounds.  It  is  im¬ 
portant  to  note  that,  because  it  has  been  established 
that  interspecific  and  intraspecific  variation  in  an¬ 
tibiting  response  to  deet  (Rutledge  et  al.  1983,  Cur¬ 
tis  et  al.  1987)  exist,  selection  of  a  laboratory  test 
mosquito  population  for  behavioral  assays,  such  as 
ones  using  the  HITSS,  should  be  based  on  where 
field  studies  with  a  candidate  product  will  be  done. 
We  selected  a  Thailand  strain  population  of  Ae.  ae- 
gypti  to  test  in  the  laboratory  because  we  will  do 
field  trials  with  chemical  leads  in  Thailand.  Prelim¬ 
inary  field  studies  are  planned  for  Thailand  to  val¬ 
idate  the  results  from  the  laboratory  studies  with 
the  HITSS. 
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